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Figure 1. Fe(phen)32+ production during bromomalonic acid oxidation 
by F e ( ~ h e n ) ~ ~ + .  Solid line is the experiment, broken line is calculated 
from expression 3: [BMA] = 6.25 X lo-' M; [Fe(phen)33c]o = 1.25 X 
lo4 M; [H2S04] = 1.5 M (h,  = 3.65 M). The following values were 
ascribed to the constants in (3): kl  = 10 M-' sec-l, k - , / k 2  = 5 X lo5 
M-2. 
of the acidity function ho instead of the proton concentration [H'] 
is reasonable a t  high concentrations of H2SO4 ([H2S04] > 0.1 
Expression 3 with appropriate values for the rate constants 
provides a fairly good approximation to the observed kinetics 
M). 16J7 
(Figure 1, dotted line). 
To evaluate the constants in (3) from the experimental data, 
we used the Marquardt technique.18 This procedure reveals that 
the best agreement with experiment is reached when k-, is so large 
that kqhf i  in (3) is much greater than k2 almost within the whole 
range of x variation. In such a case K = k 2 k l / k - l  is the only 
constant determining rate expression 3. Therefore reliable esti- 
mates are obtained only for the constant K. The values of K,  
averaged over the results of five runs for each set of initial con- 
centrations, are given in Table I .  
The lower limit for k ,  was also estimated: k l  > 1 M-I s-l. 
Littler and Saycell mentioned the ferriin reduction by malonic 
acid as a first order-reaction in Fe(phen),,' concentration. If it 
is so, the reason for the difference in kinetics of these two similar 
reactions is still to be clarified. 
The results show that the rate of the F e ( ~ h e n ) , ~ +  reduction by 
BMA decreases very rapidly with the accumulation of the reduced 
from of the catalyst F e ( ~ h e n ) , ~ + .  The slowing down can be 
accounted for by the reverse reaction (eq -1). This is the most 
probable reason for the fact that in the ferroin-catalyzed oscillatory 
reaction the phase of catalyst reduction is much longer than that 
of catalyst oxidation, while in the cerium-catalyzed one the two 
phase are comparable. 
These results can contribute to a better understanding of the 
oscillation mechanism and pattern formation in the ferroin-cat- 
alyzed Belousov-Zhabotinsky system. They should be taken into 
account when constructing a mathematical model of these phe- 
nomena. 
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The acidity of the framework hydroxyl groups of H-ZSM-5 and H-boralite is investigated by means of proton magic angle 
spinning NMR and temperature programmed desorption of NH, (NH3-TPD). The acidity decreases on going from Si-OH-A1, 
the Bronsted acidic site in H-ZSM-5, to Si-OH-B, the Bronsted acidic site in H-boralite, to Si-OH, the terminating hydroxyl 
group of the zeolite lattice (silanol group). The sequence is in agreement with the NH,-TPD results. 
introduction 
Knowledge of the acidity of the framework hydroxyl groups 
is of great importance in catalysis by zeolites.' Several methods 
are used to determine the acidity of solids, e.g., temperature 
programmed desorption of NH,  (NH3-TPD),2 titration with 
(1 )  P. A. Jacobs, "Carboniogenic Activity of Zeolites", Elsevier, Amster- 
(2) N. Topsme, K. Pedersen, and E. G. Derouane, J .  Cutul., 70, 41 (1981). 
Hammett indicators,, infrared spectro~copy,~ or 13C NMR5 with 
the use of Probe n~~lecules .  Recently, 'H magic angle spinning 
N M R  (MAS NMR) has been applied to the study of hydroxyl 
groups in Zeolites6" and in silica gel.* Freude, Hunger, and 
(3) K. Tanabe, "Solid Acid and Bases", Academic Press, New York, 1970. 
(4) J. Ward, Adu. Chern. Ser., No. 101, 380 (1970). 
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Pfeifer6 have shown for zeolites that the positions of the OH 
resonances in the NMR spectrum are related to the acidity of the 
proton. In this report, the acidity of zeolite H-ZSM-5 and of 
H-boralite is compared by application of IH MAS N M R  and 
Zeolite H-ZSM-5 was discovered by Mobil Oil and has po- 
tential applications in the synthesis of gasoline from alcohols.9J0 
Boralites are crystalline borosilicates with zeolite-like structures. 
In our case boralite has a zeolite ZSM-5-like structure, but because 
of its composition it is not considered to be a zeolite." 
The acidity can be defined as the residual charge of the hy- 
drogen atom of the hydroxyl group or as the ease with which the 
proton can be dis~ociated'~J~ (the Bronsted definition). The proton 
chemical shift is a measure of the screening of the proton nuclear 
spin by electrons and thus related to the proton acidity of the 
hydroxyl group. The more acidic the proton, the lower the res- 
onance field.14 In solids like zeolites, the proton line widths can 
be large due to dipolar couplings of the proton to neighboring spins 
('H, 27Al, 29Si, I1B) and due to the anisotropy of the proton 
chemical shift. The proton line width, therefore, has to be reduced 
by solid-state NMR line narrowing techniques like multiple pulse 
sequences15 and/or magic angle spinning.I6 Due to an apparent 
local mobility of the protons, in our case magic angle spinning 
alone was sufficient to eliminate all line broadening due to an- 
isotropic interactions like the dipolar coupling and chemical shift. 
After the physically adsorbed water molecules were dissolved, 
the resulting spectrum, as reported earlier?' consists of two N M R  
lines. The low-field resonance signal is assigned to protons in 
Bronsted acidic sites (Si-OH-A1) and water molecules chemi- 
sorbed at these sites. The high-field resonance signal comes from 
protons of the silanol groups (Si-OH) and water molecules around 
these groups. By comparison of the chemical shifts of the reso- 
nance signals an acidity sequence can be derived for the structural 
hydroxyl groups in H-ZSM-5 and H-boralite. 
On the basis of the simple electrostatic valence model of 
Pauling17 this acidity sequence is discussed. 




Preparation of the Samples. The ZSM-5 sample (010277) was 
prepared according to a general method described by a Mobil Oil 
patent.I8 Synthesis and applications are described in recent 
l i t e ra t~re . '~ -*~ In the synthesis of H-boralite a mixture of 112.6 
g of Si02 (Aerosol 200 by Degussa) in 101 1 mL of 20% tetra- 
propylammonium hydroxide (by Fluka) and of 23.4 g of H3B03 
in 789 g of HzO was subjected to a hydrothermal treatment a t  
150 OC in a Hastelloy-C metal autoclave for 8 days. The obtained 
solid product was washed, dried, and calcined in air a t  500 O C  
(6) D. Freude, M. Hunger, and H. Pfeifer, Chem. Phys. Lett., 91, 307 
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(9) C. D. Chang and A. J. Silvestri, J .  Catal., 47, 249 (1977). 
(10) C.  R. Morgan, Ind. Eng. Chem. Prod. Res. Deu., 20, 185 (1981). 
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(1983). 
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Figure 1. The 'H MAS N M R  spectra of dried H-ZSM-5 (sample 
010277, vacuum dried for 9 h a t  230 O C ,  number of transients ca. 6000) 
and partly hydrated H-boralite (vacuum dried for 15 h a t  290 O C  and 
subsequently contacted with water vapour for 15 min, number of tran- 
sients ca. 8000). The signal a t  -0 ppm is due to an impurity in the 
spinner. 
and used without further treatments for ion exchange. X-ray 
diffusion measurements confirmed the crystalline character of all 
samples, which exhibited the typical diffraction pattern of zeolite 
ZSM-5.18 For the H-boralite sample the same symmetry as for 
ZSM-5 was found, but small differences in the unit cell dimensions 
exist. Chemical analyses of the samples yield the following 
compositions: H-ZSM-5 (01 0277), SiOz/AlZO3 = 102; 
Na20/Al2O3 = 0.1 1; H-boralite, SiOz/B203 = 220; Na20/B203 
c 0.2. 
TPD Techniques. NH3-TPD measurements were carried out 
with a Perkin-Elmer TGS-2 thermobalance. Adsorption of NH3 
on the samples was carried out a t  50 OC with a 5 vol % NH, in 
He flow. After saturation of the catalyst by NH3 the physisorbed 
material was removed by stripping with He at  the adsorption 
temperature. The chemically adsorbed material was removed by 
increasing the temperature a t  a heating rate of 10 OC/min and 
the amount was determined gravimetrically. The results are 
presented in a differential mode. From the TPD results adsorption 
enthalpies can be calculated by the method of Cvetanovie and 
A m e n ~ m i y a . ~ ~  It will be clear, however, that the temperatures 
belonging to the peak maxima are representative of the adsorption 
enthalpy and, consequently, the acidity. 
Procedures of Dehydration and Hydration for  N M R  Mea- 
surements. The procedures for hydration and dehydration of the 
samples were recently de~cr ibed .~  
N M R  Techniques. the 'H N M R  spectra were measured on 
a 180-MHz FT s p e ~ t r o m e t e r . ~ ~  The samples were spun at  the 
magic angle a t  frequencies up to 4 kHz in a cylindrical double 
air-bearing KEL-F spinner.25 The magic angle spinners were 
filled under an anhydrous nitrogen gas atmosphere in a glove box. 
Results and Discussion 
' H  MAS N M R  of H-ZSM-5 and H-Boralite. An untreated 
H-ZSM-5 sample gives one resonance signal right at the free H20 
position due to the large amount of physically adsorbed water in 
the channels and at  the outer surface of the zeolite. After the 
sample was dehydrated, a two-line N M R  spectrum is observed 
(see Figure 1). As reported earlier,7 the low-field resonance signal 
(23) R. J. CvetanoviC and Y .  Amenomiya, Adv. Catal. Related Subjects, 
(24) W. S. Veeman, E. M. Menger, W. Ritchey, and E. de Boer, Macro- 
(25) P. A. S. van Dijk, W. Schut, J. W. M. van Os, E M. Menger, and 
17, 103 (1967). 
molecules, 12, 924 (1979). 
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f ree  ti20 at -6 ppm (relative to Me,Si) is assigned to protons in Bronsted 
acidic sites (Si-OH-AI) and water molecules chemisorbed at these 
sites. The high-field resonance signal a t  -2 ppm comes from 
protons of the silanol groups (Si-OH) and water molecules around 
these groups. 
The absolute and relative intensities of the two resonances, 
which depend on the amount of water adsorbed, are discussed in 
ref 7. Here we want to concentrate on the line positions, which 
show no dependence on the amount of adsorbed water. It is 
well-known from liquid solution studiesz6 and from wide-line NMR 
studies of other zeolite-water  system^,^' Linde A and faujasites, 
that the protons of water adsorbed at  an adsorption site and the 
proton of the adsorption site itself exchange very rapidly. The 
chemical shift of such a fast exchange group, 6 ,  is given byz8 
with n the number of water molecules in the water cluster a t  the 
adsorption site, dHzO the chemical shift of free liquid water, and 
FZoH the chemical shift of the adsorption site alone. This clearly 
shows that in the presence of adsorption sites the water position 
( 6 )  is shifted due to exchange with a proton with a different 
chemical shift (fiZOH). 
The sign of the shift, upfield or downfield, depends on whether 
is smaller than or greater than 6H20. The low-field resonance 
due to protons of and water molecules adsorbed at Bronsted sites, 
being at  low field relative to the resonance of free H 2 0 ,  imme- 
diately makes clear that the resonance of the bare Bronsted site, 
which we never observed, must be at lower field than the resonance 
of free water. This is in contrast to the bare silanol group which 
should be found upfield from free water. This demonstrates that, 
due to its shift to higher field, silanol groups are considerably 
less acidic than Bronsted acidic sites, in agreement with other 
 investigation^.^,^^ Proton magic angle spinning NMR thus provide 
a clue for the study of acidity in zeolites. 
Possible exchange between Bronsted sites in the pores and silanol 
groups is not taken into account here. Fast exchange, a t  rates 
faster than the N M R  time scale (7-l - 700 Hz), does not occur 
since otherwise one coalesced signal would be observed. Any slow 
exchange does not change the arguments. 
Another zeolite-like system whose proton spectrum can be 
compared to that of H-ZSM-5 is H-boralite. An untreated 
H-boralite sample gives one resonance signal a t  the H20 position, 
clearly due, as in the case of H-ZSM-5, to the phycially adsorbed 
water in the channels and at the outer surface. Drying the sample 
reveals only one asymmetrical NMR signal consisting of a t  least 
two components. The high-field component a t  -2  ppm, by 
comparison with H-ZSM-5 and ~i l ical i te ,~ can be attributed to 
the fast exchanging groups of protons of the water clusters a t  the 
silanol groups. After adsorbing a certain amount of water the 
low-field component at -3.5 ppm manifests itself more clearly 
(see Figure 1); this sigqal increases in intensity but does not shift 
as more water is adsorbed. The low-field resonance signal is due 
to, as in the case of H-ZSM-5, the group of exchanging protons 
of the water cluster, and the proton of the Bronsted acidic site 
of €I-boralite (Si-OH-B). That the low-field resonance signal 
was not clearly observed after drying is probably caused by the 
high Si:B ratio (-1 10) and the position of the line of the dehy- 
drated Bronsted acidic site (vide infra). 
If we compare the chemical shifts of the low- and high-field 
resonance signals of H-boralite with those of H-ZSM-5 (see 
Figure 1 and Figure 2 in which, schematically, the shifts of the 
low-field resonance signals of both solid catalysts are drawn), then 
(26) R. P. Bell, "The Proton in Chemistry", Chapman and Hall, London, 
1973. 
(27) See for instance H. Pfeifer, "NMR Basic Principles and Progress- 
Grundlagen und Fortschritte", Vol. 7, P. Diehl, E. Fluck, and R. Kosfeld, Ed., 
Springer-Verlag, 1972, and references therein. 
(28) H. S. Gutowsky and A. Saika, J .  Chem. Phys., 21, 1688 (1953). 
(29) J. C. Vedrine, A. Aroux, V. Bolis, P. Dejaifve, C. Naccache, P. 
Wierzchwoski, E. G. Derouane, J. B. Nagy, J. P. Gilson, J. H. C. von Hooff, 
J. P. van den Berg, and J. P. Wolthuizen, J .  Catal., 59, 248 (1979). 
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Figure 2. A qualitative plot of the shifts (relative to liquid water) of the 
resonance signals of the hydrated and bare Bronsted acidic sites in H- 
ZSM-5 and H-boralite. 
I 
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Figure 3. NH,-TPD graphs of H-ZSM-5 (010277), H-boralite, and a 
crystalline silica silicalite. 
it can be seen that the chemical shifts of the high-field resonance 
signals (silanol groups) are the same but that the chemical shift 
of the low-field resonance signal of H-boralite is shifted to higher 
field relative to the low-field resonance signal of H-ZSM-5 and 
to water. 
Whatever the mechanism for the averaging of the chemical shift 
of the proton in the water cluster and the Bronsted acidic proton 
may be, simple exchange as assumed for eq 1 or a more com- 
plicated process, it is believed to be true for both H-ZSM-5 and 
H-boralite that the resonance line of these protons will lie between 
the resonance value for free H20 and the resonance position of 
the dehydrated Bronsted proton. The Bronsted resonance line 
for partly hydrated H-ZSM-5 lies at lower field than that of free 
H 2 0 ,  while the Bronsted line for partly hydrated H-boralite is 
found at a higher field than free H20. Consequently, the Bronsted 
line in dehydrated H-boralite (Si-OH-B) must be found at a 
higher field than that of H-ZSM-5 (Si-OH-A1) (see Figure 2 ) .  
This proves that (due to its shift to higher field) H-boralite is less 
acidic than H-ZSM-5. The exact nature of the line widths of 
the 'H N M R  spectra will be dealt with in a future paper. 
TPD Measurements. The results of the NH,-TPD measure- 
ments for H-ZSM-5, H-boralite, and a crystalline silicalite are 
shown in Figure 3. It is clear from this figure that most NH, 
desorbs at the same temperature for all three samples. However, 
a t  temperatures above 573 K still some NH,  is adsorbed on 
H-ZSM-5, in contrast to H-boralite and silicalite. This shows 
that in H-ZSM-5 sites are present which are more acidic than 
all sites in H-boralite. Because the difference between H-ZSM-5 
and H-boralite consists of the Al and B Bronsted sites, this implies 
that the H-ZSM-5 Bronsted site is more acidic than the H- 
boralite Bronsted site. This confirms the results from MAS 'H 
NMR.  
Discussion. As was concluded, the acidity of the hydroxyl 
groups decreases in the order Si-OH-A1, Si-OH-B, and SiOH. 
This means that the bond strength (Bronsted definition) of the 
0-H bond increases in the same order. This indicates that by 
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Figure 4. The three types of framework hydroxyl groups: Bronsted 
acidic site in H-ZSM-5 (I), Bronsted acidic site in H-boralite (II), and 
silanol group (111). The four types of bonds are indicated as Si-0 (-), 
0-H (--), AI-0 (-), and B - 0  (--). 
replacing A1 by B the Bronsted acidic site has more silanol 
character. 
The difference in bond strength between Si-OH-A1 and SiOH 
can be understood on the basis of the qualitative electrostatic 
valence model of Pa~1ing . l~  In this model the bond strength, S, 
between the cation and each anion around it is defined as the 
charge (valence) on the cation, eZ,, divided by the coordination 
number Y 
s = z , / v  (2) 
and the charge of an anion, -e&, as the sum of the bond strengths 
of all bonds of the anion 
z, = cs, (3) 
I 
The bond strength of the S i 4  bond, S(s,4) (see Figure 4), is then 
equal to 1. 
According to eq 3 the charge on the oxygen atom of the silanol 
O H  group is equal to the sum of the bond strength of the 0-H 
bond S(O-H) and the Si-0 bond S(sl-o): 
The bond strength of the 0-H bond in the silanol group is then 
equal to 1. 
A similar calculation can be followed for the Bronsted acidic 
site. The bond strength of the A1-0 bond in a tetrahedral unit, 
S(AI-o), as calculated by eq 2, is equal to 314; and the charge on 
1984, 88, 8-10 
the shared oxygen, see Figure 4, is the sum of the three bond 
strengths S(sl-o), S(Al-o), and S(o-H): 
zO = = s(Si-O) + S(AI-O) + S(O-H) ( 5 )  
The bond strength of the 0-H bond in a Bronsted acidic site is 
then 1/4, appreciably lower than the bond strength of the 0-H 
bond in a silanol group, in agreement with our measurements. The 
bond strength of the 0-H bond of the Bronsted acidic site in 
H-boralite is, according to the same calculation, also 1/4. 
However, as can be seen from eq 5 ,  the bond strength of the 0-H 
in boralite would increase if the S(B_o) bond strength decreases. 
llB and 27Al N M R  results seem to indicate that S(AI..O) indeed 
is greater than S(B-o).30s31 Also, the Pauling ele~tronegativity’~,~~ , 
difference between oxygen (EN = 3.5) and boron (EN = 2.0) 
is less than the difference between oxygen and aluminum (EN 
= 1.5), so that it can be expected that the bond strength S(B-O) 
is less than S(AI-O). Then, according to eq 5 ,  the bond strength 
of the 0 - H  bond in the Bronsted acidic site of H-boralite will 
be somewhat greater than the one in H-ZSM-5, in agreement 
with our ‘H N M R  and NH,-TPD results. 
Con c I u s i o n s 
From NMR studies and temperature programmed NH, de- 
sorption it is concluded that the Bronsted acidic site in H-ZSM-5 
is more acidic than in H-boralite, while these sites in turn are 
more acidic than the silanol group. This acidity sequence can be 
understood by a simple electrostatic model. 
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Angle-Resolved Surface Raman Scattering 
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We have measured the angular distribution of the Raman scattered radiation from benzene adsorbed on Ag (1 11) at submonolayer 
coverage. The results agree well with predictions of a classical electrodynamical analysis where the primary and scattered 
electromagnetic fields are calculated from Fresnel’s equations. These measurements may be used to determine the symmetries 
of the vibrational modes of adsorbed molecules, as well as their orientation on the surface. 
Introduction 
Vibrational spectroscopy is beginning to play an important role 
in modern surface chemistry-much as it has for years in many 
other areas of chemistry. In particular, several methods are now 
sensitive enough to obtain vibrational spectra of molecules adsorbed 
at submonolayer coverage on the low-area single-crystal surfaces 
that are widely used as model catalysts. These include infrared 
reflection-absorption,’ high-resolution electron energy loss 
(EELS),* surface-enhanced Raman scattering (SERS),3 and, more 
recently, surface Raman spectroscopy without enhan~ement .~  
‘Camille and Henry Dreyfus Teacher-Scholar and Alfred P. Sloan Re- 
search Fellow. 
These methods have respective strengths and weaknesses, but to 
be useful probes of surface structure and dynamical processes, 
their excitation mechanisms and resulting surface selection rules 
must be understood. 
The surface selection rule for infrared reflection-absorption 
spectroscopy on metal surfaces is well unders t~od.~  At infrared 
~~ ~~ 
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